• The long-acting inhaled b2-agonist formoterol has systemic effects when taken in high doses.
WHAT THIS STUDY ADDS
• Among subjects with COPD, high-dose inhaled formoterol produced a dose-related increase in forced expiratory volume in 1 s without a corresponding reduction in dyspnoea or increase in walk distance.
• Systemic effects were modest, however, and high doses did not appear to reduce patient satisfaction.
• Although further safety data are needed, inhaled formoterol may have a role as relief medication in COPD.
AIMS
Rac-formoterol is effective as maintenance treatment for both asthma and chronic obstructive pulmonary disease (COPD) and is now used as relief therapy in asthma. Using rac-formoterol for relief and maintenance treatment could involve inhalation of high doses, and whether this is of benefit in COPD is uncertain. Our aim was to determine whether higher doses of inhaled rac-formoterol produce systemic adverse effects that outweigh the limited bronchodilator benefit seen in subjects with COPD.
METHODS
We examined airway and systemic effects of 6, 12, 24 and 48 mg rac-formoterol and placebo on separate days in 20 subjects with symptomatic COPD [forced expiratory volume in 1 s (FEV1) 47% predicted]. FEV1, oxygen saturation, dyspnoea, 6-min walk distance, patient satisfaction and systemic effects were measured and treatment was assessed against placebo and for dose-response effects.
Introduction
Bronchodilators are widely used by patients with symptomatic chronic obstructive pulmonary disease (COPD). Short-acting agents are used for symptom relief, but long-acting b2-agonists have additional benefits [1, 2] , and management algorithms recommend their introduction if symptoms persist [3] . Rac-formoterol, a selective b2-agonist with a 12-h duration of action at conventional doses, has been shown to improve lung function and reduce symptoms when inhaled twice daily by patients with COPD [1, 4] . Its rapid onset of action within 5 min [5, 6] has led to it being used as relief medication in asthma, and this approach was more effective than rac-terbutaline in terms of improving lung function and prolonging the time to the first severe exacerbation [7] .
A similar strategy has been suggested for patients with COPD [8] , but the balance of beneficial and adverse effects may be different since additional bronchodilation with higher doses may be minimal in these patients, whereas the potential for adverse effects will increase. The main safety concern with high-dose rac-formoterol relates to cardiovascular adverse effects.This is an important consideration among patients with COPD, who may have coexisting ischaemic heart disease and hypoxaemia, both risk factors for cardiac arrhythmia.
We therefore carried out a randomized, crossover dose-response study to compare efficacy, systemic effects and subject satisfaction following single doses of inhaled rac-formoterol (6, 12, 24 and 48 mg) and placebo in 20 patients with symptomatic COPD.
Methods

Subjects
Patients aged 40-85 years with a clinical diagnosis of COPD were recruited if they had exertional breathlessness, limited reversibility to inhaled salbutamol 200 mg (<200 ml), a forced expiratory volume in 1 s (FEV1) <70% predicted and a FEV1/forced vital capacity (FVC) ratio of <70%.Subjects were excluded if they were current smokers [9] or had an exhaled carbon monoxide level above 10 parts per million on study days (Smokerlyser; Bedfont Scientific, Rochester, UK), had experienced an acute exacerbation of COPD within 4 weeks or a myocardial infarction or unstable angina within 3 months, had an unstable medical condition or were taking b-adrenergic antagonists. Nottingham City Hospital Research Ethics Committee approved the study and written informed consent was obtained from each subject at least 24 h before the first study day.
Measurements
Oxygen saturation was measured using a fingertip pulse oximeter (Minolta Pulsox-7, Tokyo, Japan), continuous heart rate by three-lead ambulatory monitor (DMS 300-7; Numed Cardiac Diagnostics, Sheffield, UK) and blood pressure by electronic sphygmomanometry (HEM-705CP; Omron, Tokyo, Japan). Dyspnoea and tremor were measured using a 100-mm visual analogue scale (VAS) ranging from 'no breathlessness/tremor' to 'worst possible breathlessness/tremor' . Tremor amplitude was also measured for 1 min using an accelerometer fitted to the terminal phalanx of the right middle finger with the forearm supported and the hand outstretched. The waveform was amplified and filtered to remove frequencies above 50 Hz and acceleration measured on 5-s samples using Fourier analysis (Pulse Platform; Bruel and Kjaer, Naerum, Denmark). Spirometry was performed with the patient seated using a dry bellows spirometer (Vitalograph, Buckingham, UK), taking the better of two successive measurements of FEV1 within 100 ml. Plasma potassium concentration was measured by flame photometry (Olympus AU5000, Eastleigh, UK). A 6-min walk test was performed according to American Thoracic Society guidelines with standardized verbal encouragement [10] and with breathlessness measured on a Borg scale before and after exercise. Subjects carried out two familiarization walk tests before treatment randomization [11] . Overall satisfaction with each drug/dose was measured on a 200-mm VAS from 'completely dissatisfied, side-effects outweigh any benefit' to 'completely satisfied, benefit outweighs any side-effects' .
Study design and methods
This was a randomized, double-blind, crossover study performed on 5 days within a 2-week period and with each visit commencing at the same time of day. Subjects were required to withhold short-acting bronchodilators for at least 10 h and theophylline, tiotropium bromide and longacting b2-agonists for at least 24 h before each study day. Inhaled corticosteroids and nonpulmonary medications were taken as usual unless they were known to affect any of the study outcomes. After an early breakfast with a maximum of one cup of tea or coffee, subjects attended the laboratory at 08.00 h and rested in a comfortable chair for 20 min. After checking exhaled carbon monoxide levels, the ambulatory cardiac monitor was attached and baseline measures of SpO2, heart rate, blood pressure, breathlessness, tremor (VAS and accelerometer) and FEV1 were taken. Blood was then taken for plasma potassium measurement and followed by a 6-min walk test. After a further 10-min rest, subjects inhaled rac-formoterol (6, 12, 24 or 48 mg) or placebo, with the dose and order determined by computer-generated randomized sequence. On each day and under independent supervision, subjects took four inhalations at 1-min intervals from one or more of three identical Turbohalers® containing placebo, racformoterol 6 mg or 12 mg; each device was withdrawn between inhalations to ensure blinding. Subjects remained seated for the next 4 h with repeat measures of C. I. Whale et al.
oxygen saturation, heart rate, blood pressure, breathlessness, tremor and FEV1 in that order at 30, 60, 120, 180 and 240 min post inhalation. Every 60 min, subjects were asked, 'Have you felt any adverse effects that may relate to inhaling the medication' . At 4 h a further blood sample was taken for plasma potassium assay and the subject was asked to record overall satisfaction with the treatment.The 6-min walk test was then repeated.
We were interested in the balance between beneficial and adverse effects, but with no data available on which to base power calculations, we opted to base the calculations on FEV1. Randomizing 20 subjects provided 80% power to detect a 160-ml change in FEV1 [12] and allowed us to assess systemic effects of interest [13] .
Analysis
The area under the curve for the variables measured at intervals over the 4 h, the change in mean plasma potassium and 6-min walk distance between baseline and 4 h and ectopic beat rate and satisfaction scores were determined for each subject and treatment. AUC was calculated by computer program and reflects the change over 4 h for each treatment. The differences between placebo and each dose of rac-formoterol were then assessed using repeated measures ANOVA and the dose-response relationship was assessed by statistical significance of the linear contrast with increasing rac-formoterol dose. All analyses were performed with SPSS Version 12 (SPSS Inc., Chicago, IL, USA), and statistical significance accepted as P < 0.05.
Results
All 20 subjects (six women) completed the study (Table 1) . Their mean age was 66 years, mean cigarette consumption was 42 pack-years, body mass index 26 kg m -2 and FEV1 1.32 l (47% predicted) with a mean increase of 33 ml (range 0-160 ml) following rac-albuterol 200 mg. Thirteen of the 20 participants used an inhaled corticosteroid and four used tiotropium bromide. Nineteen subjects used inhaled b2-agonists on a daily basis, with 13 taking a long-acting b2-agonist twice daily and six further subjects taking a short-acting b2-agonist four times a day.
Data were available for all time points except for three plasma potassium levels due to blood clotting. There were no significant differences in baseline FEV1 values between study days and no crossover effects.
Response to rac-formoterol (Table 2) FEV1 (Figures 1 and 2 ) FEV1 increased from baseline with all doses of rac-formoterol and the effect was sustained over 4 h. AUC FEV1 was significantly higher after all doses of rac-formoterol compared with placebo and showed a significant dose-response relationship with increasing doses of rac-formoterol. The largest AUC FEV1 (626.6 ml h -1 ) was seen with the highest dose of rac-formoterol and reflects a mean increase in FEV1 of around 157 ml across the 4-h time period. There was no correlation between the AUC FEV1 and baseline FEV1 (r = 0.7, P = 0.2). A dose-response study of inhaled rac-formoterol in COPD Tremor (Figures 1 and 2 ) Tremor measured by accelerometer increased with the two highest rac-formoterol doses compared with placebo and AUC tremor showed a doseresponse effect. Tremor measured by VAS was more variable. Although there were no differences between individual doses and placebo, a dose-response relationship was present.
Heart rate (Figures 1 and 2 ) Mean heart rate fell after the three lowest doses of rac-formoterol and placebo, but rose following the highest (48 mg) dose of rac-formoterol, and this differed significantly from placebo. There was no difference between placebo and other rac-formoterol doses and no dose-response relationship.
Other end-points (Figures 1-3) The following end-points showed no difference between individual doses and placebo and no dose-response relationship: dyspnoea, oxygen saturation, systolic and diastolic blood pressure, ectopic beat rate, walk distance and plasma potassium levels. For example, the maximum change in 6-min walk distance between placebo and any dose of formoterol was around 15 m, which is less than 5% of the mean baseline walk distance of 360 m.
Satisfaction scores (Figure 3 ) Each rac-formoterol dose produced higher satisfaction scores than placebo, but with no dose-response relationship.
Adverse events
No serious adverse effects were reported during the study. Two individuals reported headache after placebo and rac-formoterol 6 mg, respectively, and one reported lightheadedness 2 h after rac-formoterol 6 mg.
Discussion
In subjects with moderately severe, symptomatic COPD, rac-formoterol produced a dose-dependent increase in FEV1 without a corresponding improvement in dyspnoea or walk distance. Tremor also increased in a dosedependent manner, whereas heart rate increased significantly only after the highest dose.There was no significant effect on plasma potassium, blood pressure, oxygen saturation or ectopic beat rate. All doses of rac-formoterol produced higher satisfaction scores than placebo, although no dose-response relationship was evident. Satisfaction with any treatment depends on the balance between beneficial and adverse effects.This is particularly relevant in COPD, where the largely irreversible nature of the disorder will limit the beneficial effects seen with higher drug doses, whereas adverse effects can continue to increase. The increase in FEV1 in this study was small and of similar magnitude to that seen in other studies in subjects with COPD [14] . However, it was not associated with a significant reduction in dyspnoea scores or increase in exercise tolerance. This is consistent with previous studies with rac-formoterol and rac-salmeterol [4, 15] and presumably reflects, in part at least, the relatively small increase in FEV1 seen in patients with COPD.
The adverse systemic effects of b2-agonists are well known, but in this study only tremor and heart rate increased significantly with high doses of rac-formoterol. Moderate doses of rac-formoterol have been shown to increase heart rate, systolic blood pressure and QT interval, and to reduce plasma potassium and diastolic blood pressure in healthy volunteers [16] [17] [18] . The effects have been less marked in subjects with asthma [18] [19] [20] [21] [22] [23] , probably reflecting the development of tolerance [24] [25] [26] .Tolerance could also explain the limited systemic effects in our study, since all but one subject were taking b2-agonists regularly. We have summarized our findings as mean values, and as area under the curve for the measurements that were made on several occasions. Outliers may not be apparent with this approach, but could be important in relation to adverse effects. Checking individual data showed that the data were homogeneous and that there were no worrying outlying results. We limited the study to 4 h so that responses would not be affected by meals, as in previous studies [16] . The greatest pharmacodynamic changes are known to occur within 4 h, so it is unlikely that additional effects after this time period were missed [16] .
The dose-related increase in FEV1 and limited systemic effects suggest that rac-formoterol may be suitable for use as rescue medication in COPD. Patients with COPD have an 
Figure 1
Mean values over 240 min for forced expiratory volume in 1 s (FEV1) (l), heart rate (bpm), SpO2 (%), dyspnoea visual analogue scale (VAS) (mm), tremor acceleration (m s -1 s -1 ), tremor VAS (mm), systolic (SBP) and diastolic blood pressure (DBP) (mmHg) after rac-formoterol 6 ( ), 12 (᭢), 24 (᭜) and 48 (᭹) mg and placebo (ᮀ) increased incidence of ischaemic heart disease, however, and therefore greater potential for cardiac arrhythmias.In a small study in subjects with COPD and a previous cardiac arrhythmia, rac-formoterol 24 mg caused a greater effect on heart rate, plasma potassium, supraventricular and ventricular premature beats than the 12-mg dose [27] . There was a trend towards increased ectopic beats with higher doses in our study, but a larger long-term study would be needed to assess fully the safety of higher doses in these patients.
Assessing the balance between beneficial and adverse effects is difficult, and asking about overall satisfaction with the drug after each study day was an attempt to address the patients' perception of this balance. Satisfaction scores are difficult to validate, but formoterol produced greater subject satisfaction than placebo in keeping with its effect on FEV1, and a similar approach had face validity in our previous study [28] . This study compared different doses of rac-salbutamol in subjects with COPD and found a bell-shaped response, in that subjects preferred a modest dose of rac-salbutamol (1 mg) to both placebo or the highest dose (4 mg), presumably because the 1-mg dose offered the best balance between beneficial and adverse effects. Satisfaction improved with all doses of rac-formoterol in the current study, however, suggesting that the perceived adverse effects of 48 mg did not exceed the perceived benefit.
Inhaled rac-formoterol up to 48 mg produced a dosedependent improvement in FEV1 with few systemic effects in subjects with moderate to severe COPD. Satisfaction scores were higher with all doses of rac-formoterol. Further studies are warranted to determine whether racformoterol has a useful role as rescue medication for patients with COPD. 
Figure 2
The relationship between log dose rac-formoterol (mg) and mean area under the curve for forced expiratory volume in 1 s (FEV1) (ml h -1 ), heart rate (bpm h 
Figure 3
The relationship between log dose rac-formoterol (mg) and change in 6-min walk distance (m), change in plasma potassium concentration (mmol l -1 ), mean rate of ventricular ( ) and supraventricular () ectopic beats and mean satisfaction scores (mm), with placebo (P) shown for comparison (ᮀ)
